We propose two novel electro-optic (EO) deflectors based on two new nonrectangular geometries: the parabolic and the half-horn configurations. These devices not only provide excellent deflection angles, but also have the potential to build nonblocking 2 ϫ 2 optical switches. A deflector figure of merit is defined, and comparisons with existing EO deflectors are given. Devices fabricated in LiTaO 3 demonstrate 3 dB of average insertion loss and 3°deflection angles. These results represent the best deflection performances to our knowledge reported to date for bulk EO deflectors.
Introduction
Electro-optic (EO) beam deflectors are extensively used in optical switches, beam scanners, optical displays, printing, and space tracking and acquisition, as well as laser control [1] . These devices exhibit high bandwidth, fast response time, moderate deflection, and low power consumption and are generally compact when compared with other deflectors. Given these benefits, EO switches with high speed and low loss have been built for future agile optical networks [2] [3] [4] .
To fabricate EO deflectors, ferroelectric crystals such as LiTaO 3 or LiNbO 3 are first poled to provide the required predefined domain structures [5, 6] . The application of an electrical field across the crystal then produces different indices in the two domains, and the light beam is deflected through refraction as it passes through the poled wafer.
Domains with rectangular contours were implemented in EO deflectors and EO scanners [7, 8] . Other domain configurations, such as trapezoidal and horn contours, were also reported as beam scanners [9 -11] .
We propose two novel EO deflectors with excellent beam bending performances. The new geometries for the domain configurations are first derived by using an equivalency theory we developed for nonrectangular configurations of prisms in EO deflectors. Based on these new geometries, EO deflectors are designed, simulated, fabricated, and tested. The concept of a nonblocking 2 ϫ 2 optical switch based on these EO deflectors is also presented.
In Section 2 we describe the basic processes of light beam steering by refraction. The devices with rectangular contours are analyzed, and the upper bound of the bending angle is quantified for the first time. Then, an equivalence theory for a gradient-index structure is introduced as a convenient alternative for the design and analysis of EO deflectors with nonrectangular contours. In Section 3 we propose new designs for EO deflectors. New geometries, such as parabolic and half-horn configurations, are derived for the first time, to the best of our knowledge. They exhibit the best-known steering performance among all bulk EO deflectors reported to date. Employing these new geometries, novel EO deflectors are designed, and the concept of nonblocking 2 ϫ 2 optical switches is presented. A deflector figure of merit is proposed in Section 3 to compare different configurations of EO deflectors. Finally, simulations and experimental results of devices are demonstrated in Sections 4 and 5, respectively. crystals (the dark regions within Fig. 1 ) are inverted by electric field poling [2, 12] . An external uniform electrical field applied across the crystal can induce an index change of opposite magnitude on the adjacent domain regions, causing the optical beam to refract at the interfaces. By defining the contour of the prism sequence, the travel path of the light beam can be determined.
According to the EO effect, the refractive index of EO crystals is modified when voltages are applied to the crystals:
Here, n is the original index, r 33 is the corresponding EO coefficient of the substrate along the z axis, V is the applied electric field along the direction of the dielectric polarization, and D is the thickness of the substrate.
In each prism, the light beam bends up when it travels from a higher-index region ͑n ϩ ⌬n͒ to a lower-index region ͑n Ϫ ⌬n͒. Given that ⌬n is of the order of 10
Ϫ3
, as well as the fact that the incident and output angles are typically small, the deflection angle of one prism is governed by
For the entire prism sequence, the total deflection angle is expressed by
where L i is the length of each prism and W i is the width of each prism. The relationship given by Eq. (3) forms the basis of the analysis of the performance of EO deflectors with rectangular contours as presented in the next subsection.
B. Rectangular Devices and Their Limitations
A well-studied domain configuration is a rectangular contour [8] with a deflection angle of
where L is the total length and W is the uniform width of the device.
Though they have a simple configuration, rectangular devices have a limit on the maximum deflection angle they can provide. The device width must be much larger than the spot size of the incident beam to accommodate the full bipolar deflection of the beam at the exit. Thus, the width is unnecessarily large, and deflection angle is thus restrained. The limitation of the rectangular deflector is quantified for the first time as follows.
The relationships among length L, width W, beam waist w a , and deflection angle have to follow the following two relationships:
Since W Ͼ w a , we get
Assuming that a minimum of 11 prisms is required [9] inside each device and that all prisms have an identical apex angle of 60°, we get the following:
Equations (7b) and (6) 
Therefore, the deflection angle of rectangular devices has an upper bound. In bulk material with V͞D of 1͞500 kV͞m, r 33 of 30 ϫ 10 Ϫ12 m͞V, has a maximum value of 17 mrad. Even when V͞D is 1͞150 kV͞m, is still limited to 31 mrad. These results demonstrate that, regardless of the device dimension, the deflection angle obtained using rectangular devices is always smaller than ͑n C. Equivalency Theory Equation (3) reveals that the deflection angle can be calculated by summing all the angles in each prism and that calculation is complicated in the nonrectangular devices. To simplify the problem, another device structure with a gradient index within the same contour serves as an alternative in the analysis.
Previous literature [9] has proved that, in rectangular devices, a device structure with a graded-index profile demonstrates the same deflection behaviors as an iterated-prism device. Here, we extend that equivalency theorem to nonrectangular configurations.
Two structures are built with the same contours as shown in Fig. 2 . Figure 2 (a) has the iterated-prism structure with different indices in two domains, and the vertices of the prisms define the contour of the deflector. Figure 2 (b) has the same contour as Fig.  2 (a), with a gradient index along the width. The index within the structure linearly changes from n Ϫ ⌬n on the bottom of the contour to n ϩ ⌬n on the top edge of the device as expressed in Eq. (9):
where W(z) is the device width at different z locations.
A light ray inside a gradient-index material will obey Eq. (10) [13], where n is a function of variables of x and z as described in Eq. (9):
The function of the upper contour lines, as well as the deflection angle, is given by Eqs. (11) and (12):
The integration in the z direction of the gradientindex structure we defined can be expressed as a summation of the contribution of small regions, with each one corresponding to one prism. Equation (12) can then be simplified to
Comparing Eqs. (3) and (13), we conclude that the deflection behaviors of the iterated-prism structure and the gradient-index structure are identical for any EO device configuration. Given this equivalency in the design and analysis of nonrectangular contoured prism domain structures, simple equations can be employed to determine the performance of such EO deflectors. Without such an equivalency, complicated trigonometric function derivations and calculations would need to be employed, needlessly increasing the complexity of studying such EO devices. In the next sections, optimal designs are derived from the gradient-index structure, and the simulations of the new shaped deflectors in this paper are also based on the gradient-index structure.
Novel Designs for Electro-Optic Deflector-Based Switches

A. Optimal Geometry Design for Switches
Previous literature has derived optimal designs for optical scanners [9] . For optical EO scanners, continuous analog voltages are used to deflect the beam over a range of angles. In this section optimal designs are proposed for optical switches as opposed to optical scanners. That is to say, instead of applying continuous analog voltages to the devices, only discrete values of voltage are applied, providing discrete output beam trajectories or output ports. Thus the optimal configurations needed to achieve the best performances for EO switches are different from those for EO scanners.
Ideally, the best deflection performance can be reached if the shape of the deflector perfectly matches the beam trajectory. Specifically, the design with the best deflection performance should satisfy the following two requirements. First, the entire light beam needs to be encapsulated by the prism structures to reduce the exhibited insertion loss. Second, the center of the light beam should meet the interfaces of each prism at its center as shown in Fig. 3 . These conditions ensure the achievement of the largest beam spot as well as the minimum transmission loss.
Assume that all prisms have an identical apex angle of 60°, which guarantee a less than 0.1% reflection loss in the interfaces. As shown in Fig. 3 , a two-prism model with a lower index in the dark region has been demonstrated for analysis. The two prisms have the same vertex angles, ␤ ϭ 60°. The light beam meets the interfaces of the prisms at the center of A1A2, A2A3, and A3B2. Assuming that the incidence angle and refractive angle at each interface are 1 , 2 , and 2 , 3 , the length c is derived and calculated as follows:
Since 3 Ϫ 2 is typically very small, c Ϸ a, which means that all the prisms are identical. Thus, the top and bottom edges of the device are parallel, and the prism width W 0 is constant. Assuming a zero initial incidence angle, the total deflection angle and the top edge of the device W(z) can be derived according to Eqs. (11) and (12) 
where z is the z-axis value of the device end. Equation (16) indicates that the configuration of the EO deflector, as well as the light beam, follows a parabolic trajectory as illustrated in Fig. 4 .
B. Optimal Geometry Design for Switches with a Nonuniform Width
Employing the equivalent theory, EO devices with various configurations can easily be proposed, such as trapezoidal and horn scanners [5, 6] . We modified those designs to improve their deflection performances and obtained a half-horn deflector switch as shown in Fig. 5 . In the half-horn configuration, the alternative gradient-index structure with the same contour is utilized, and the index change along the x direction at different z is defined as
where x is the x-axis value of any point. According to Eq. (10), the top edge follows dW dz
where W(z) is the width of the device along the z axis and W 0 is the width at the input end. At the output end of the device (z ϭ L),
Numerical solutions are readily obtained, since no closed-form solution of W(z) can be derived from Eq. (18).
C. New Deflectors
Based on the new geometries in Subsections 3.A and 3.B, two novel optimally designed EO devices, the half-horn and the parabola deflectors, are proposed as shown in Fig. 6 . In both structures, when a constant voltage is applied, the trajectory of the light beam incident from Input A is diverted as it travels through the prism sequence regions. Refractive beam deflection occurs at the boundaries of the prisms, and the outgoing beam is detected by the receiving collimator C. When no voltage is applied, the incoming light beam from collimator A travels along a straight line and is collected by collimator D.
Following the same derivation strategy as shown in Eqs. (14)- (18), the deflection angles of the half-horn and parabola devices are given as follows:
Here L is the length of the device, W 0 is the height of each prism in the parabola device, and W L ͞W L͞2 is the height of the largest͞smallest prism in the half-horn device.
Assume that a bulk device that is built in LiTaO 3 (index 2.18) has an index change ⌬n of 10
Ϫ3
. Assume that the width of the two devices W L͞2 and W 0 is 450 m. When the device length L increases, the deflection angles in these two devices increase as Fig. 7 shows. As shown in the plot, the increase in deflection angle as the device length increases is greater for the parabola device than for the half-horn device.
Nonblocking 2 ϫ 2 optical switches can be constructed based on these deflectors by vertically mirroring the structure and introducing a second incident collimator B into the deflectors as shown in Fig. 8 . The light beam from B travels along a straight line and is detected by collimator C when there is no external voltage. If a stable voltage is applied, the light beam incoming from B will travel alongside the predefined half-horn (or parabolic) trajectory and will be collected by collimator D at the output. The bar and cross status of the switches can be obtained, as shown in Fig. 9 .
The distance between the upper and the lower deflectors that make up the 2 ϫ 2 switch must be carefully controlled as shown in Fig. 9 . If the distance between the two structures is not correct, the two output locations for the upper deflector will not overlap with the two output locations of the lower deflector, leading to higher insertion losses for the switch. The following expressions provide the ideal distance between the upper and the lower deflectors for both the parabola and the half-horn devices: 
Equations (22) and (23) indicate that once the width and the length of the device are determined, the distance between two channels can be calculated. Also, the deflection angle and the device length increase when the distance between the two channels increases, which benefits the switch design.
D. Deflector Figure of Merit
In the literature, deflection sensitivity is typically defined as the deflection angle per applied volt [7] . However, Eqs. (3) and (12) reveal that the total beam steering angle is dependent on several variables such as the length, the initial width, the configuration of the device, the thickness of the substrate, and the applied electric field. In an attempt to compare all devices, we suggest that the product of the applied electric field and the electrode length be used to define a figure of merit for the EO deflectors. Although it is the first time this product has been applied to EO deflectors, it is frequently used for EO modulators [14] . With this definition, the product that we define as a deflector figure of merit is given by
where V is the applied voltage on the device, D is the thickness of the substrate, and L is the device length. The term V͞D is the electrical field in the device. According to this definition, it is clear that better performance is achievable at lower V and shorter L, and thus the deflector figure of merit is better when its value is smaller. For a given device length and applied electric field, a comparison of Eqs. (4), (15), and (19) indicates that the parabolic device will provide a deflection far greater than that obtained by using a traditional rectangular device. Figure 10 shows the deflection angles obtained by using the rectangular, horn, half-horn, and parabolic configurations. Here, a 1310 nm wavelength, a device entrance width of 450 m, an applied voltage of 1000 V, and a 500 m thick z-cut LiTaO 3 crystal were assumed. It is shown that even if the device length increases, the deflection angle of the rectangular device cannot exceed 15 mrad. The fig Fig. 11 . Deflector figure of merit for different devices. ures of merit for different deflection angles of these devices are calculated and plotted in Fig. 11 . To obtain 1°of deflection angle, , and 2.5 ϫ 10 4 are required in the rectangular, horn, halfhorn, and parabolic geometries, respectively. Also, since the figure of merit is a nonlinear function of the deflection angle, larger values are needed for the first three configurations when a larger deflection angle is required, as indicated in Fig. 11 . These results indicate that under similar dimension conditions, the parabola device has the best deflection performance. Table 1 summarizes the values (simulated and experimental) of figures of merit for different devices obtained by using Eq. (24). The results show that the parabola and the rectangular devices usually have the smallest value (and therefore the best performance); the half-horn device has the second smallest value, followed by the horn and the trapezoidal devices. The limitation of the rectangular devices has been introduced in previous sections. For clarity, the table also distinguishes between bulk and thin-film devices. Deflectors can be built with either bulk materials (500 m thick) or thin wafers (100-150 m thick), and the profiles of the incident light beam are different for these two types. Also, the typical applied voltage in bulk-based EO deflectors is approximately 1000 V; this voltage is lower in thin-substrate devices.
Simulations and Experiments
A. Simulations of New Configurations
Simulations are performed to verify the design of the new deflector configurations. Device models with gradient-index structures as in Figs. 4 and 5 are built with R-Soft BPM (beam propagation method). We assume that the LiTaO 3 substrate has a refractive index change of 6 ϫ 10 Ϫ4 for every 1000 V of applied voltage with a 1310 nm incident beam, and we assume that the device length is 40 mm, that the entrance widths of two new contours are set to 450 m, and that the exit width of the half-horn is set to 895 m. The profiles of the gradient index in the BPM are shown in Figs. 12 and 13. The beam transmissions within these devices are shown in Figs. 14 and 15. Table 2 summarizes the design parameters and the theoretical and BPM results. The simulated output deflection angles are 3.0°and 2.4°for the parabola and half-horn deflectors, respectively, and they fit well with the theoretical values. Compared with the deflection performance of the original horn (1.3°) and rectangular (1.18°) deflectors, these two new designs provide a steering improvement factor of approximately 2 to 3.
These configurations are fabricated in 500 m thick z-cut LiTaO 3 wafers. Figure 16 shows the two Table 2 . The differences between the measured and the theoretical deflection angle are due to fabrication.
B. Experiments with New Deflectors
LiTaO 3 single-crystal 500 m thick z-cut wafers were also used to build EO deflectors based on the new geometries. The prism geometries follow the geometries in Fig. 8 . The parabola deflectors have a 450 m uniform width and 56.6 mm length. The half-horn deflectors have a 450 m width at the center and 60 mm length. A 1310 nm, linearly polarized, fiber coupled laser source, polarization-maintaining collimators, and IR camera are used to test the device. According to the design, the input collimators are strictly aligned tangent to the trajectory curve at the point of incidence and are thus positioned at fixed angles with respect to the input facet of the crystal. Suppose that the light is captured as output spot C when a 1 kV voltage is applied and that the light is captured as the output spot D when there is no external field. Two output spots, C and D, from incident beam A or B of the half-horn device are shown in Fig.  17 . The deflection angles are calculated from the distance measurements of these two output spots when the light beam is launched from A or B. Table 3 gives the deflection angles of the two EO deflectors. The deflection angles are very large compared with those produced by usual rectangular devices [4] . The experimentally measured angles are the largest deflection angles ever reported for bulk EO deflectors to our knowledge. Table 3 also lists all the insertion losses of these devices when the incident light comes from input ports A or B.
The response time of LiTaO 3 devices is limited only by the electrical capacitive effects and by the speed of the voltage supply [12] . The rise or fall time is defined as the time it takes from 10% of the one power level to reach 90% of the other. Using this definition, the new devices demonstrated a rise time of 1.1 s and a fall time of 100 ns. These response times can be further improved to less than 100 ns [4] by using a better high-voltage supply with a faster rise time.
Conclusions
We demonstrated two new EO deflector configurations, the half-horn and parabolic contours, and, based on them, two new deflectors are designed and fabricated. These deflectors demonstrate 3°of steering, an average insertion loss of 3 dB, and average cross talk of Ϫ30 dB. The deflection angle of the parabola device is the largest to have been reported to date to our knowledge. EO deflectors with the potential to be building blocks for nonblocking 2 ϫ 2 optical switches are also demonstrated. 
